Introduction
[2] Equilibrium climate sensitivity (ECS) is defined as the change in the global mean surface temperature after reaching equilibrium in response to a doubling of the atmospheric CO 2 concentration [Randall et al., 2007] . The concept of ECS has its origin in the work of Arrhenius [1896] , who more than a century ago showed that radiative forcing from CO 2 is an approximately logarithmic function of the atmospheric concentration. Indeed, if the radiative response of the climate system was linear, then the equilibrium temperature response to any CO 2 doubling will be constant regardless of the starting point. The extent to which the assumptions of state-independent forcing and linear radiative response apply is, however, a matter of ongoing debate [e.g., Hansen et al., 2005; Colman and McAvaney, 2009; Caballero and Huber, 2010; Jonko et al., 2012; Caballero and Huber, 2013] . This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. 0094-8276/13/10.1002/2013GL058118
[3] To appreciate the problem, consider Earth's energy balance in response to a doubling of CO 2 ,
where F is the radiative forcing due to the CO 2 doubling and R the resulting imbalance in the top-of-atmosphere radiation. T describes the radiative response of the climate system and is written as the product of the temperature change T with respect to a base state and the system's total feedback, . It is common practice to decompose into contributions from temperature ( T ), water vapor ( W ), clouds ( C ), and surface albedo ( A ). While itself has to be negative to yield a stable climate, its individual contributions can be positive (e.g., W ) or negative (e.g., T ). Within this framework, the temperature change after the climate system has reached equilibrium again (R = 0) defines the value of ECS = -F/ . Consequently, an increase in ECS can arise from either an enhanced forcing, a positive change in the feedback, or both.
[4] The issue of a possible increase of ECS in warmer climates recently received attention in several single-model studies, though these studies yielded conflicting results. Colman and McAvaney [2009] successively doubled CO 2 from 1 16 to 32 times the present-day CO 2 concentration in the BMRC atmospheric model and found that an increase in CO 2 forcing was approximately compensated by a negative change in the feedback in warmer climates. As a result, the Bureau of Meteorology Research Center (BMRC) model exhibited a slightly decreasing ECS. A similar effect was found earlier by Manabe and Bryan [1985] in the Geophysical Fluid Dynamics Laboratory (GFDL) model. Both studies suggested that the negative change in the feedback stemmed primarily from a diminishing surface albedo feedback in warmer climates. Contrary to these, studies based on the National Center for Atmospheric Research (NCAR) climate models found an increasing ECS in warmer climates [Caballero and Huber, 2010; Jonko et al., 2012; Caballero and Huber, 2013] , whereas the Goddard Institute for Space Studies (GISS) model exhibits a minimum ECS around present-day conditions and higher ECS in both colder and warmer climates [Hansen et al., 2005] .
[5] The fifth phase of the Coupled Model Intercomparison Project (CMIP5) includes a coupled model experiment with abruptly quadrupled CO 2 . This experiment is designed to estimate ECS through a regression of the radiation imbalance on surface temperature change [Gregory et al., 2004] . The feedback ( ) equals the slope of the regression line. The majority of CMIP5 coupled models exhibit nonlinearity in this experiment, with a steeper slope ( ) in the first decades, corresponding to a smaller effective ECS, followed by a weaker slope, corresponding to a higher effective ECS. is further decomposed by the PRP method into contributions from temperature (T), water vapor (W ), clouds (C) and surface albedo (A). The uncertainties for correspond to the 95% confidence intervals of the regression. For T and ECS, we use the last 20 years of the mixed-layer ocean simulations to calculate the standard errors of T and ECS. The uncertainty of T and ECS is then given by two times the standard error. For F, the uncertainty is measured by two times the standard error of F in the fixed SST simulations. All changes are found to be statistically significant compared to the 2 CO 2 values, except the adjusted forcing of the 16 CO 2 simulation.
The leading hypothesis is that this nonlinearity is related to the spatial distribution of surface warming which is initially dampened at high latitudes due to regional ocean heat uptake [Winton et al., 2010] . Because the local feedback at higher latitudes is typically less negative than the global feedback, or even positive, this could explain the time-varying slope [Armour et al., 2013] . It is, however, difficult to distinguish this adjustment process from a state dependence of the feedback and its individual contributions [Block and Mauritsen, 2013] . Furthermore, it remains unclear whether the regression method is representative of the long-term equilibrium response [Li et al., 2013] .
[6] Motivated by these previous studies, this contribution evaluates ECS across a hierarchy of models ranging from fully coupled contemporary climate models of CMIP5, one of which we analyze in detail coupled to a mixed-layer ocean, down to an idealized one-dimensional radiativeconvective equilibrium model. Across these models we find a robust increase of ECS in warmer climates due to a strengthening of the water-vapor feedback.
Data and Methods
[7] We use climate model output from the following three CMIP5 experiments: preindustrial control simulations (piControl), simulations with instantaneously quadrupled atmospheric CO 2 concentration (abrupt4 CO 2 ), and the extended Representative Concentration Pathway 8.5 future scenario (RCP8.5). The latter is a scenario without mitigation; however, in the present study we simply utilize the fact that the experiment protocol prescribes constant greenhouse gases from year 2249 to 2300 including CO 2 at 1962 ppm. This permits a regression of R against T to estimate using equation (1) at relatively warm temperatures [Gregory et al., 2004] . The 95% confidence intervals of are calculated assuming normally distributed regression errors and using the 0.975 percentile of Student's t distribution with the appropriate degrees of freedom. Properties of two simulations are considered statistically significantly different if the 95% confidence interval of the warmer simulation is distinct from the mean value of the colder simulation. Six models, MPI-ESM-LR [Giorgetta et al., 2013] , IPSL-CM5A-LR [Hourdin et al., 2013] , HadGEM2-ES [Collins et al., 2008] , CSIRO-Mk3.6.0 [Gordon et al., 2002] , CNRM-CM5 [Voldoire et al., 2013] , and BCC-CSM1.1 [Wu et al., 2010] provide the necessary data for the analysis. One realization is used from all experiments as only one model provided multiple realizations of the extended RCP8.5 experiment.
[8] The atmospheric component of the MPI-ESM-LR coupled model is ECHAM6 (Version 6.1) at T63 horizontal spectral resolution with 47 vertical levels, including a representation of the stratosphere with the uppermost level at 0.01 hPa, or about 80 km . Here ECHAM6 is coupled to a 50 m mixed-layer ocean with prescribed ocean energy transport (q flux) that we derive from a 30 year Atmospheric Model Intercomparison Project simulation with observed sea-surface temperatures and sea ice from the past three decades. In addition to a control simulation, the model is forced by abruptly applying 2, 4, 8, and 16 times preindustrial CO 2 (284.7 ppm). All simulations are 50 years long. In these simulations we evaluate individual feedbacks due to water vapor, temperature, clouds, and surface albedo by means of the partial radiative perturbation (PRP) method [Wetherald and Manabe, 1988; Colman and McAvaney, 1997] . We apply a 10-hourly subsampling of instantaneous model fields such that a full diurnal cycle is sampled over 5 days. The PRP calculations are performed throughout the 50 year simulations permitting an evaluation of feedbacks by regressing individual flux contributions on global mean temperature [Colman and McAvaney, 2011] . This technique yields an elegant separation between fast adjustments directly caused by the CO 2 increase, which in ECHAM6 are primarily stratospheric adjustment and a fast cloud reduction, and true surface temperaturedependent feedbacks that are realized subsequently [Block and Mauritsen, 2013] . For instance, it is not necessary to distinguish between the troposphere and stratosphere when evaluating the temperature feedback, which is particularly important for the 16 CO 2 run that exhibits a rise of the tropical tropopause to about 30 km. The methodology is thus directly applicable to the nonlinear regime, as opposed to the widely used radiative kernel technique [Soden et al., 2008; Jonko et al., 2012] . The method yields negligible systematic errors, evidenced by small differences between P i and in Table 1 . Adjusted forcing is determined from runs with prescribed sea-surface temperatures and increased CO 2 , corrected for the small global mean surface temperature change due to land warming [Hansen et al., 2005] .
Results
[9] We compare total feedbacks ( ) as the slope of the regression line derived from the abrupt4 CO 2 runs with those derived from the end of the warmer extended RCP8.5 run to investigate to what extent ECS of the coupled CMIP5 models depends on the base state. Indeed, four out of the six models exhibit a statistically significant positive change in in the extended RCP8.5 experiment relative to the abrupt4 CO 2 at the 95% confidence level, as can be inferred from the fact that the regression lines are more flat in RCP8.5 (Figure 1 ). This positive change implies an increased ECS in the RCP8.5 runs compared to the abrupt4 CO 2 runs. Most Gregory plot for the ECHAM6 mixed-layer ocean experiments (2 CO 2 , 4 CO 2 , 8 CO 2 , and 16 CO 2 ; gray regression lines and symbols) and abrupt4 CO 2 and RCP8.5 experiments of the CMIP5 models (colored lines). For the RCP8.5 experiment regressions are shown for the last part of the extended scenarios for which all externally prescribed greenhouse gases are held constant. The black filled circles depict the adjusted forcing for the ECHAM6 mixed-layer ocean experiments. The adjusted forcing is calculated by fixed sea-surface temperature experiments (gray filled circles show individual years) and correcting for small changes in land temperatures.
notably, of CSIRO-Mk3.6.0 in RCP8.5 is only weakly negative, indicating that this particular model is close to a runaway for which further surface warming hardly reduces the reduced radiation imbalance. HadGEM2-ES exhibits a statistically significant negative change in in the warmer climate, whereas for MPI-ESM-LR is statistically indistinguishable between the two experiments.
[10] Interestingly, despite not being statistically detectable in MPI-ESM-LR runs, we find a distinct positive change in and corresponding rise in ECS in warmer climates in experiments conducted with its atmospheric component model, ECHAM6, coupled to a mixed-layer ocean (gray lines and symbols in Figure 1 and column 1 in Table 1 ). For the fourth doubling of CO 2 the model's ECS exceeds 10 K, measured between equilibrium states of 8 CO 2 and 16 CO 2 , as opposed to less than 3 K for the first doubling of CO 2 over preindustrial ( Figure 1 and Table 1 ). The model exhibits a slight increase in adjusted forcing in warmer climates (column 3 in Table 1 ); however, the rise in forcing is not sufficient to explain the rise in ECS. Hence, the rise in ECS in this model is due mainly to a positive change of in warmer climates, which is evident from the weakening slopes in Figure 1 .
[11] Inspecting the change in the individual longwave and shortwave components of the top-of-atmosphere irradiance, a positive slope in Figure 2 contributes to an increasing climate sensitivity and represents a positive change in the corresponding feedback (vice versa for negative slopes). With only one exception (BCC-CSM1.1), there is a positive change in both the longwave all-sky and clear-sky feedback in the warmer RCP8.5 relative to the abrupt4 CO2 simulations (positive red and blue slopes in Figure 2) . Likewise, the mixed-layer ocean runs with ECHAM6 show progressively positive changes in the longwave feedback in warmer climates (positive gray slopes at the bottom of Figure 2 ), which is primarily attributable to an increase in the water-vapor feedback (Table 1) . The temperature feedback remains nearly constant, whereas the cloud feedback rises in ECHAM6. In the shortwave, the CMIP5 models consistently exhibit a negative change of the clear-sky feedback (negative green slopes in Figure 2 ), likely associated with the vanishing perennial sea ice at the warm temperatures in RCP8.5. This effect alone would decrease the ECS, but the all-sky shortwave feedback, which includes the effect of clouds, is nearly constant in the ensemble mean, despite substantial intermodel spread. It is noteworthy that in the shortwave, the CSIRO-Mk3.6.0 model sticks out from the ensemble with the largest positive all-sky feedback (top purple line in Figure 2 ), indicating that cloud feedback is likely the cause of the near-runaway warming of that model in the RCP8.5 experiment (Figure 1) . Overall, however, the strong variability in changes of the shortwave feedback indicates that these changes cannot play a dominant role in the rise of ECS in the CMIP5 model ensemble.
[12] Instead, the rise in ECS is consistently rooted in a positive change of the longwave feedback (Figure 3) . The local longwave feedback, defined as the grid pointwise increase in outgoing longwave radiation per local degree warming, reveals that in the ensemble mean the rise occurs almost exclusively in the tropics between 30 ı S and 30 ı N, whereas midlatitudes and high latitudes counteract (Figure 3) . The same pattern is found in clear-sky fluxes (not shown). Even though an increased poleward energy transport could contribute to this pattern, it does suggest that an enhanced tropical water-vapor feedback is the main cause of the rise in ECS in the CMIP5 models. 
Radiative-Convective Model of Tropical Water-Vapor Feedback
[13] To understand whether the local tropical water-vapor feedback can indeed account for the rise in ECS, we use an idealized one-dimensional radiative-convective equilibrium model (RCE model). The RCE model is helpful to understand tropical feedbacks as the tropics are close to radiative-convective equilibrium [e.g., Popke et al., 2013] and different variants of RCE models have long been central to our understanding of the water-vapor feedback [e.g., Manabe and Strickler, 1964; Stevens and Bony, 2013] . We apply a diagnostic framework similar to that used by Kasting [1988] to study a runaway greenhouse. In the RCE model, temperature in the troposphere follows a moist adiabat, relative humidity is held fixed at 80%, and the stratosphere has a constant temperature and humidity equal to that at the tropopause. In accordance with the fixed anvil temperature hypothesis of Hartmann and Larson [2002] and a rise of the tropopause height in warmer climates [O'Gorman and Singh, 2013] , the tropopause temperature is fixed at 200 K. Only longwave radiative transfer [Fu and Liou, 1993] is considered. is calculated from the increase in outgoing longwave radiation at the top of the atmosphere per degree surface warming. With this setup, ECS = -F/ , where F = 4 Wm -2 approximately equals the radiative forcing from a doubling of CO 2 . The conclusions drawn based on this model are independent of parametric choices within a reasonable range.
[14] The RCE model exhibits a distinct rise in ECS from about 2 K at cold surface temperatures to 6 K around 40 ı C (black line in Figure 4 ). The rise in ECS results from an enhanced (i.e., more positive) water-vapor feedback, as can be inferred from difference to a corresponding system without water-vapor feedback (green line in Figure 4 ). The qualitative agreement with ECHAM6 in the range of the 2 CO 2 and 8 CO 2 experiments is striking, despite the immense gap in complexity between the two models. When instead the RCE model is run with a fixed tropopause pressure of abrupt4xCO2 RCP85
LW feedback parameter 200 hPa, ECS drops from about 2 K to less than 1 K at warm temperatures. Thus, the rising of the tropopause appears crucial to the increase in ECS.
[15] The ECS decreases in the RCE model for surface temperatures above 40 ı C because the moist adiabat becomes increasingly steep and the amount of mass in the cold tropopause region diminishes. This weakens the water-vapor feedback relative to temperature feedback at very high temperatures and results in a decreasing ECS. This effect does not seem to be dominant in ECHAM6 for reasons that are not yet fully understood.
Conclusions
[16] We investigate the extent to which equilibrium climate sensitivity (ECS) depends on the climate base state. To this end, we evaluate a hierarchy of models ranging from contemporary global climate models that include the dynamics of the atmosphere and ocean to a one-dimensional radiative-convective equilibrium model. Across these models we find a systematic positive change in the feedback ( ) toward less negative values, resulting in an increase in ECS in warmer climates. The increase in ECS is consistently rooted in an intensification of the water-vapor feedback, which we attribute to a rise in the tropopause height by means of a radiative-convective equilibrium model. A rising tropopause is a robust feature of climate models [O'Gorman and Singh, 2013] , dictated by thermal emission from water vapor becoming less important below a temperature of about 200 K [Hartmann and Larson, 2002] .
[17] In fact, an increase in ECS in warmer climates not only occurs in the set of models investigated here but was previously reported in the GISS model [Hansen et al., 2005] and in both the coupled and mixed-layer ocean model versions of the NCAR model [Caballero and Huber, 2010; Jonko et al., 2012; Caballero and Huber, 2013] . While some studies reported no rise in ECS in warmer climates [Manabe and Bryan, 1985; Colman and McAvaney, 2009] , it is noteworthy that the later studies applied models with relatively low vertical resolutions, which may hinder a faithful representation of the rising tropopause. However, we cannot exclude that other reasons might explain the decrease in ECS in these models; in particular the cloud feedback has the potential to alter the behavior. There are further strong arguments also for an increased ECS in colder climates due to enhanced surface albedo feedback [Kutzbach et al., 2013] , although data-based estimates of the climate sensitivity during the Last Glacial Maximum favor a lower sensitivity [Rohling et al., 2012] .
[18] The available evidence suggests that climate sensitivity depends considerably on the reference climate state. This has important implications for attempts to estimate ECS from paleoclimate data [Crucifix, 2006; Rohling et al., 2012] . In particular, estimates of the ECS from climates much warmer than today, such as the Paleocene-Eocene, would naturally yield higher values than studies based on observed recent climate change [e.g., Otto et al., 2013] . The latter, in turn, may not be representative for projecting future high-emission climate scenarios, and so understanding the fundamental physics underlying a possible rise in climate sensitivity in warmer climates is of value and should be more systematically explored in future climate model intercomparisons.
